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Adipose-derived stem cells (ASCs) are promising candidates for 
autologous cell-based regeneration therapies by virtue of their 
multilineage differentiation potential and immunogenicity; how- 
ever, relatively little is known about their role in adipose tissue 
physiology and dysfunction. Here we evaluated whether ASCs 
isolated from nonobese and obese tissue differed in their 
metabolic characteristics and differentiation potential. During 
differentiation to mature adipocytes, mouse and human ASCs 
derived from nonobese tissues both increased their insulin 
sensitivity and inhibition of lipolysis, whereas obese-derived 
ASCs were insulin-resistant, showing impaired insulin-stimulated 
glucose uptake and resistance to the antilipolytic effect of insulin. 
Furthermore, obese-derived ASCs showed enhanced release of 
proinflammatory cytokines and impaired production of adipo- 
nectin. Interestingly, the delivery of cytosol from control ASCs 
into obese-derived ASCs using a lipid-based, protein-capture 
methodology restored insulin sensitivity on glucose and lipid 
metabolism and reversed the proinflammatory cytokine profile, in 
part due to the restoration of Lin28 protein levels. In conclusion, 
glucose and lipid metabolism as well as maturation of ASCs is 
truncated in an obese environment. The reversal of the altered 
pathways in obese cells by delivery of normal subcellular 
fractions offers a potential new tool for cell therapy. Diabetes 
62:2368-2379, 2013 




Adipose tissue is now recognized as an important 
endocrine and metabolic organ that, when ac- 
cumulated in excess, increases the risk of 
chronic diseases such as diabetes, stroke, and 
arterial hypertension (1). Recently, new mechanisms that 
control the obesity phenotype have been identified such as 
the equilibrium between white and brown adipose tissue, 
the localization of adipose mass (visceral vs. ventral), and 
the presence of adipose stem cells (ASCs) and mesen- 
chymal stem cells (MSCs) (1-4). Although the relative 
importance of fat tissue type and localization are being 
actively unraveled, the role of stem cells in adipose tissue 
physiology and dysfunction is still poorly understood. 
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Adult stem cells are multipotent cells that contribute to 
the homeostasis of various organs, including adipose tis- 
sue. ASCs are a class of MSCs localized in adipose tissue 
that have attracted increasing interest because of their 
potential to differentiate into adipogenic, osteogenic, 
chondrogenic, and other mesenchymal lineages (5-8). 
Other clinically attractive properties attributed to ASCs 
include proangiogenic and anti-inflammatory actions (9- 
11). Moreover, depending on the environmental con- 
ditions, ASCs can be beneficial or detrimental to health. 
ASCs thus represent a possible target for therapies aimed 
at modulating the response of the body to obesity and di- 
abetes as well as a potential tool for regenerative medicine. 

Adipocytes are central to the control of energy balance 
and lipid homeostasis (12). In response to prolonged 
obesity, adipocytes become hypertrophic, and new adi- 
pocytes are required to counter the metabolic dysfunction 
of the hypertrophic cells (13,14). It has been postulated 
that the adipose tissue depots of obese individuals have 
already committed all of their stem cell reserves to the 
adipocyte lineage and, therefore, have no capacity to 
generate new adipocytes (15-17). 

In this study, we demonstrate that the differentiation 
of mouse and human adipose MSCs into mature well- 
functioning adipocytes is truncated in an obese environ- 
ment, resulting in impaired metabolic function. We also 
validate a novel approach to restore normal adipocyte 
metabolic responsiveness in obese-derived stem cells by 
cytosolic transfer. 



RESEARCH DESIGN AND METHODS 

Reagents. Culture media and anti-Let? microRNA inhibitor were purchased 
from Invitrogen (Paisley, U.K.). 2-deoxy-D[l-3H]glucose (11.0 Ci/mmol) was 
from GE Healthcare (Rainham, U.K.). Antibodies to GLUT4, insulin receptor 
substrate 1 (IRS1), and phospho-IRSl (Tyr612) and anticaveolin-1, anti-(3- 
tubulin, and anti-Pi3-kinase were purchased from Millipore (Bedford, MA). An 
antibody to tumor necrosis factor-a (TNF-a) and recombinant TNF-a cytokine 
were purchased from BD Pharmingen (Franklin Lakes, NJ). An antibody to 
monocyte chemoattractant protein- 1 (MCP-1) was purchased from R&D Sys- 
tems (Minneapolis, MN), and recombinant MCP-1 cytokine was from Repro- 
kine (Valley Cottage, NJ). An antibody to Lin28b was purchased from Abeam 
(Cambridge, U.K.), and purified full-length Lin28b protein was obtained from 
Applied Biological Materials Inc. (Richmond, BC, Canada). The mirCury LNA 
microRNA Let? inhibitor was purchased from Exiqon (Vedbaek, Denmark). 
Unless otherwise stated, all other reagents were purchased from Sigma- 
Aldrich (Poole, Dorset, U.K.). 

Animals. C57BL/6 mice and leptin-deficient ob/ob mice (18) were obtained 
from Charles River (Wilmington, MA) and maintained and used in accordance 
with the National Institutes of Health Animal Care and Use Committee. 

Mice were killed by cervical dislocation for sample collection. DIO rodent 
purified high-fat diet (formula 58Y1) was obtained from TestDiet (IPS Product 
Supplies Ltd., London, U.K.). 

Isolation of mouse and human ASCs. ASCs were isolated by the explant 
method (19). Briefly, small pieces of subcutaneous adipose tissue were col- 
lected from five control and five obese mice (4 months old) and placed on 
gelatin-coated plates (Fig. LA). After 7 days, rounded cells emerging from the 
explants were selected, cloned by limiting dilution, and grown to obtain ASCs. 
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FIG. 1. Isolation and differentiation of ASCs. A: Proliferating ASCs emerging from adipose tissue explants. Bar, 150 urn. B: Flow cytometry 
characterization of ASCs from control (C57BL/6) and obese (ob/ob) mice. Mean fluorescence intensity (MFI) plus standard deviations of five 
independent experiments are shown. C: Percentages of differentiation into adipose (Adipo) (Oil Red O staining), chondrogenic (Chondro) (To- 
luidine Blue staining), or osteogenic (Osteo) (Alizarin Red staining) tissues of five different cASCs and oASCs were quantified by histochemistry. 
*P < 0.04. D: Representative image of Oil Red O staining in cASCs and oASCs differentiated for 7 days into adipocytes. Bar, 30 urn. E: Cell number 
{left) and cell size {right) analyzed by flow cytometry in cASCs and oASCs at day 7 of differentiation (ji = 5). F: Intracellular lipid accumulation in 
differentiating ASCs (n = 5). *P < 0.03. G: Triglyceride (TG) content in differentiating cASCs and oASCs (n = 5). *P < 0.04. H: Gene expression 
profile of cASCs and oASCs at day 7 of differentiation (n = 5). *P < 0.02. 



Independent ASC clonal lines obtained from five different mice were first 
characterized by morphology (Fig. L4) and by flow cytometry for the surface 
antigens that have been used to specifically define this population (3), namely 
Sca-1 + , CD34 + , CD44 + , CD29 + , and CD45" (Fig. LB). The cells for these clones 
were derived from control (c) or obese (o) and named cASCs or oASCs, re- 
spectively. We obtained 2 clones from each of the 5 obese mice, obtaining 
a total of 10 oASCs clones; with control explants, we obtained 10 independent 
clones from each of 5 animals. Finally, five oASC and five cASC clones derived 
from independent animals were selected randomly, and because all expressed 
similar surface markers and presented similar morphology, were pooled re- 
spectively as a population of oASC or cASC and used for experiments. ASCs 
were maintained on gelatin-coated plates in Dulbecco's modified Eagle's me- 
dium (DMEM) containing 10% FBS and supplemented with glutamine and 
penicillin/streptomycin. 

Human adipose samples were obtained from patients after bariatric surgery. 
Informed consent was obtained from all subjects, and the sample collection 
conformed to the principles set out in the World Medical Association Decla- 
ration of Helsinki and the National Institutes of Health Belmont Report. ASCs 
were isolated from five control patients (BMI <22 kg/m 2 ) and five obese 



patients (BMI >30 kg/m 2 ) by the explant method, similar to the protocol used 
above for mice (19,20). Human ASCs were also characterized by surface 
marker expression and named as hASCs. Human primary ASCs were also 
purchased from Lonza (Walkersville, MD); one derived from an obese patient 
(BMI 31 kg/m 2 ) (PT5006 lot 4308 stock 32) and the other from a nonobese 
patient (BMI <22 kg/m 2 ) (PT4504 lot 4028 stock 27). All cells were maintained 
in the medium supplied with the PT4505-ADSC Bullekit (Lonza). 
Cell culture and treatments. To induce adipogenic differentiation, ASCs 
were cultured in serum-free DMEM/F12 medium (1:1) supplemented with 10 
pig/mL transferrin, 15 mmol/L NaHC0 3 , 15 mmol/L HEPES, 33 pimol/L biotin, 
17 fxmol/L pantothenate, 1 nmol/L insulin, 20 pmol/L triiodothyronine, and 1 
(jumol/L Cortisol, plus antibiotics. Accumulation of triglycerides in adipocytes 
was visualized by staining formalin-fixed cells with Oil Red O. Triglyceride 
accumulation was assessed microscopically, and Oil Red O concentration was 
quantified spectrophotometrically at 510 nm. Lipid content was also analyzed 
enzymatically with a triglyceride determination kit. To measure the osteogenic 
potential of the ASCs, 2 X 10 4 cells were incubated in DMEM containing 10% 
FBS and supplemented with glutamine and penicillin/streptomycin until 
a confluent layer was achieved. Then, osteogenic medium was added, containing 
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Iscove's modified Dulbecco's medium supplemented with 9% FBS, 9% heparan 
sulfate, 2 mmol/L L-glutamine, 100 units/mL penicillin, 100 fxg/mL streptomycin, 
50 ng/mL L-thyroxine, 20 mmol/L (^-glycerol phosphate, 100 nmol/L dexametha- 
sone, and 50 fxmol/L ascorbic acid. Medium was refreshed every 3 to 4 days. 
After 17 days of culture cells were fixed in 10% formalin and stained with 10% 
Alizarin Red, and osteocytes were quantified under a microscope. To measure 
the chondrogenic differentiation of ASCs, 5 X 10 5 cells were incubated in 500 ixL 
complete chondrogenic medium, containing Iscove's modified Dulbecco's me- 
dium, 100 nmol/L dexamethasone, 50 [xg/mL ascorbic acid, 40 fxg/mL L-proline, 
1 mmol/L sodium pyruvate, 100 units/mL penicillin, 100 fxg/mL streptomycin, 
10 ng/mL transforming growth factor-(33, and 100 ng/mL bone morphogenetic 
protein 2. The medium was changed three times a week. After 21 days, cells 
were stained with Toluidine Blue sodium borate, and chondrocytes were 
quantified under a microscope. Metabolic and signaling studies were performed 
in adipocytes and ASCs previously cultured overnight in serum-free medium 
containing low glucose (5.5 mmol/L). 

Gene expression profiling. Total RNA from different organs was isolated with 
TRIzol (Invitrogen, Carlsbad, CA) and reverse transcribed using Platinum Taq DNA 
polymerase (Invitrogen). Real-time quantitative PCR was performed on an 
Mx3000P real-time PCR system (Stratagene, La Jolla, CA). Each cDNA sample was 
amplified in duplicate using SYBR Green Supermix chemistry (BioRad, Hercules, 
CA). The following murine primers were used in this study: IRS1 (forward [Fw], 
CTTCTGTCAGGTGTCCATCC; reverse [Rv], CTCTGC AGCAATGC CTGTTC) , 
IBS-2 (Fw, ACAATGGTGACTACACCGAG; Rv, CTGCTTTTCCTGAGAGAGAC), 
PTEN (Fw, AATTCCCAGTCAGAGGCGCTATGT; Rv, GATTGCAAGTT- 
CCGCCACTGAACA), PerA (Fw, GGCCTGGACGACAAAACC; Rv, CAG- 
GATGGGCTCCATGAC), PPAR-y (Fw, ATTGACCCAGAAAGCGATTC; Rv, 
CAAAGGAGTGGGAGTGGTCT), aP2 (Fw, AACCTTAGATGGGGGTGTCCTG; 
Rv, TCGTGGAAGTGACGCCTTTC), Pref-1 (Fw, AGCTGGCGGTCAATA- 
TCATC; Rv, AGCTCTAAGGAACCCCGGTA), C/EBP-a (Fw, TTACAA- 
C AGGC C AGGTTTC C ; Rv, CTCTGGGATGGATCGATTGT), C/EBP-/3 (Fw, 
ACCGGGTTTCGGGACTTGA; Rv, GTTGCGTAGTCCCGTGTCCA), and LIN28b 
(Fw, GACCCAAAGGGAAGACACTA; Rv, TCTTCCCTGAGAACTCGCGG). 

For measurement of Let? expression, RNA (10 ng) from ASCs or mASCs 
was obtained and used in the PCR. MirCury locked nucleic acid (LNA)-specific 
PCR mouse and human primers were purchased from Exiqon (Vedbaek, 
Denmark). 

Immunoblot analysis. Cellular proteins were separated by SDS-PAGE, 
transferred to Immobilon membranes, and blocked using standard tech- 
niques (21). After antibody incubation, immunoreactive bands were visu- 
alized using the enhanced chemiluminescence (ECL-Plus) method (GE 
Healthcare). 

Glncose transport and GLUT4 translocation assays. Glucose uptake was 
measured during the last 10 min of culture by incorporation of labeled 
2-deoxyglucose into cells and expressed as the percentage of stimulation over 
basal, as previously described (22). Plasma membrane and internal membrane 
subcellular fractions, together with whole lysates from differentiated ASCs, 
were prepared (22) and immunoblotted with GLUT4, caveolin-1, phosphati- 
dylinositide 3-kinases (PI3K), or tubulin antibodies. 

Determination of lipolytic rate. Lipolysis (triglyceride breakdown) was 
estimated by the release rate of glycerol and nonesterified fatty acids (NEFA) 
from cells. Adipocytes were cultured overnight in serum-free medium before 
assay. After washing, cells were incubated at 37°C for 3 h as described in Fig. 
2C and D, and glycerol release was measured enzymatically with a free- 
glycerol determination kit. At the same time, NEFA release was determined 
by an enzymatic colorimetric test (Wako Chemicals, Neuss, Germany). 
Results are expressed as nanomoles of glycerol per NEFA per milligram of 
protein per 3 h. 

Preparation of adipocyte-conditioned media and measurement of 
adipokine release. ASCs were cultured overnight in serum-free medium, 
and the medium was retained as adipocyte-conditioned media. Adipokines 
were measured using Luminex xMAP technology with multiplex immunoassays 
(LincoPlex) for simultaneous quantitative determination of adiponectin, MCP-1 
and TNF-a (Millipore), with detection limits of 75.2, 0.6, and 0.09 pg/mL, 
respectively. 

Cytosolic fraction isolation and delivery. Cytosolic fractions (CFs; 100 fxL) 
were obtained from 1 X 10 6 cASCs, oASCs, and control fibroblasts using the 
Complete Cell Fractionation Kit (Bio Vision, Milpitas, CA). After corroborating 
purity by Western blot and agarose gel electrophoresis, 25 jxL functional CFs 
(one-fourth of the total volume obtained) were delivered to 250,000 cells of 
oASCs or cASCs seeded on a six-well plate, using the lipid-based protein- 
capture reagent Pro-DeliverIN (OZ Biosciences, Marseille, France). Eight in- 
dependent transfer experiments were performed on a pooled-population of 
five lean clones and another eight independent transfer experiments on 
a pooled-population of five obese clones (n = 8). The cytosol-modified ASCs 
(mASCs) were analyzed in the assays described above. Inactivated fractions 
were prepared by treatment with 100 |xg/mL proteinase-K, or with 10 |xg/mL 



RNAase/DNAase cocktail (Ambion, Life Technologies). Before delivery, 
proteinase-K was inactivated by adding a specific inhibitor (25 nmol/L diiso- 
propyl phosphorofluoridate), and RNAase/DNAase cocktail was inactivated by 
adding 5 mmol/L EGTA. Controls for the processing were performed in par- 
allel to avoid unspecific effects (data not shown). 

Metabolic labeling. cASC, oASC, or mASC were plated onto 24-well plates 
and incubated in 1 mL DME (free methionine medium) overnight. 3X of Met 35 S 
(New England BioLabs, Ontario, Canada) were added to the cultures and 
incubated for 5 h at 37° C. Supernatant was removed and cultures were treated 
with 1 mL PBS/0.05% Tween, mixed, and centrifuged for 30 s at 6000 rpm. 
Nondenaturing loading buffer was added, and samples were boiled at 5 min 
and ran in a SDS-PAGE gel. After incubation with 30% ethyl alcohol/10% acetic 
acid, membranes were exposed to a phosphoimager screen. A similar protocol 
was used for the immunoprecipitation, but before the loading buffer was 
added, samples were incubated for 1 h with anti-Lin28 antibody and normal 
immunoprecipitation was performed. In some cases, cASC- and oASC-labeled 
cells were processed for isolation of CFs before the immunoprecipitation was 
performed. 

Statistical analysis. All data are represented as mean ± SEM from 5 to 10 
independent experiments (n = number of independent repeated experiments). 
Comparisons between two groups were by Student t test. One-way or two-way 
ANOVA were used as required by the assay. Differences between groups were 
considered statistically significant at P < 0.05. 



RESULTS 

Isolation and characterization of ASCs from mouse 
explants. To examine the properties of adipose tissue- 
derived MSCs originating from normal and obese envi- 
ronments, we collected adipose tissue explants from the 
subcutaneous adipose mass of wild-type (WT) C57 mice 
and leptin-deficient ob/ob mutant mice. MSCs were isolated 
using the explant technique (23), and termed cASCs and 
oASCs depending on their origin from WT (c) or obese (o) 
mice (Fig. 1A). Flow cytometry analysis confirmed that 
both types of ASCs were positive for CD44, Sca-1, CD34, 
and CD29, and negative for CD45, independently of the 
mouse or clone used (Fig. LB). Furthermore, all ASCs were 
capable of differentiation to the three mesenchymal line- 
ages (adipogenic, osteogenic, and chondrogenic) in de- 
fined medium (Fig. 1(7). Together, these data identify an 
ASC subpopulation from both normal and obese animals 
(3). Interestingly, although oASCs were capable of forming 
mature adipocytes, as defined by Oil Red O staining of lipid 
droplets, the percentage of adipocytes was significantly 
lower compared with cASCs (Fig. 1(7). Analysis of Oil Red 
O staining after 7 days of differentiation revealed that 
cASCs rapidly differentiated into well-defined mature adi- 
pocytes (Fig. ID). In contrast, oASCs did not reach com- 
plete maturity, and the derived adipocytes exhibited 
a smaller cell size, with smaller lipid droplets together with 
a hyperplasic phenotype (Fig. ID and E). Moreover, bio- 
chemical analysis of differentiated oASCs revealed a 50% 
reduction in the quantity of lipids (Fig. IF), and trigly- 
cerides (Fig. 1G), compared with cASCs over the same 
period. 

To corroborate the differences in maturity between the 
two populations, we next analyzed the expression of a sub- 
set of established adipogenic markers. No changes were 
observed in IRS1, phosphatase and tensin homolog 
(PTEN), perilipin (PerA), preadipoctye factor 1 (Pref-1), 
CCAAT/enhancer binding protein a and (3 (C/EBP-a and 
C/EBP-fi), and peroxisome proliferator-activated receptor 
7 (PPAR-y) expression, whereas a reduction in expression 
of insulin receptor substrate 2 (IRS2) and adipocyte fatty 
acid binding protein (aP2) was observed in oASCs com- 
pared with cASC (Fig. 1H). Experiments performed with 
ASCs isolated from mice fed a high-fat diet for 12 weeks 
(hfASCs) produced similar results to those derived from 
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ob/ob mice (Supplementary Fig. L4-D), including differen- 
tiation capability, triglyceride content, and gene expression 
pattern. Taken together, these results show that ASCs de- 
rived from an obese environment have an impaired ability to 
differentiate correctly compared with ASCs derived from 
a nonobese environment. 

Metabolic properties of ASCs. Having shown that dif- 
ferentiation of oASCs led to a partially immature phenotype, 
we next wanted to ascertain physiological functionality. 
Given that a primary role of adipocyte tissue is to act as an 
energy reservoir, we monitored the ability of ASCs to take 
up glucose in response to insulin signaling. Unsurprisingly, 
insulin (10 nmol/L)-stimulated glucose uptake in cASCs 
produced a maximal stimulation of approximately threefold 
after 7 days of differentiation (Fig. 2A, left panel). In con- 
trast, basal glucose uptake in 7-day differentiated oASCs 
was fivefold higher than in corresponding cultures of dif- 
ferentiated cASCs, and incubation with insulin produced no 
additional effect, indicating that these cells were non- 
responsive to insulin (Fig. 2A, right panel). We hypothe- 
sized that the basal glucose uptake in oASCs is upregulated 
to such an extent that the cells become unresponsive to 
further stimulation. This upregulation could be due to 
a higher glucose transport on oASC, and therefore, we 
proceeded to analyze the expression and translocation of 
the GLUT4 transporter. Interestingly, GLUT4 was highly 
expressed in whole lysates in oASC compared with cASC 
(Fig. 2B, right panels). Furthermore, insulin was shown to 



stimulate GLUT4 translocation to the plasma membrane in 
cASC-derived adipocytes differentiated for 7 days, whereas 
this effect was impaired in oASC-derived adipocytes 
(Fig. 2B). 

Continuing this assessment, we next measured lipid 
metabolism by monitoring the release of glycerol and 
NEFA as an index of lipolysis. Stimulation of lipolysis by 
the (3-adrenergic agonist isoproterenol resulted in a five- 
fold increase of glycerol release in 7-day differentiated 
cASC-derived adipocytes, which could be blunted signifi- 
cantly by preincubation with insulin (Fig. 2(7). In contrast, 
oASC-derived adipocytes, although exhibiting a higher 
basal rate of glycerol release, were less responsive to ag- 
onist stimulation by isoproterenol, and again, were re- 
sistant to the inhibiting effects of insulin (Fig. 2(7). 
A similar pattern was observed by measurement of fatty 
acid release (Fig. 2D). Interestingly, the basal lipolysis rate 
of oASCs was elevated compared with levels in cASCs, 
possibly due to a significant decrease in the expression 
of aP2 in these cells (Fig. 1H) or to a dysregulated func- 
tionality of perilipins in oASCs. At the molecular level, 
examination of insulin-stimulated tyrosine phosphorylation 
on IRS1 showed that the maximal activation at 7 days in 
cASC-derived adipocytes was significantly reduced in oASC- 
derived adipocytes (Fig. 2E). Collectively, these results sug- 
gest that oASCs show resistance to the antilipolytic effect of 
insulin and also have a reduced response to isoproterenol 
stimulation. 




cASC oASC cASC oASC 




FIG. 2. Glucose and lipid metabolism during ASC differentiation. A: Insulin-stimulated glucose uptake by cASC and oASC cultures at different 
stages of differentiation. Cells were stimulated with 10 nmol/L insulin (Ins) for 30 min. Results are expressed as pmol/mg protein (prot) per 10 min 
(ji = 6), *P < 0.01. B: GLUT4 expression in 7-day differentiated cASCs and oASCs. Cells were stimulated for 20 min with 10 nmol/L insulin and 
lysed or fractioned. Plasma and internal membrane proteins, together with whole lysates, were analyzed by Western blot with anti-GLUT4 anti- 
body; anti-caveolin (Cav)l, anti-PI3K, or anti-tubulin antibodies were used as controls. Densitometric bar graph quantification of three in- 
dependent membranes is shown. O.D., optical density. *P < 0.05. C: Glycerol release from 7-day differentiated cASCs and oASCs. Cells were 
treated with 10 nmol/L insulin for 1 h before stimulation with 1 (uimol/L isoproterenol (Iso) for 15 min (n = 6). *P < 0.03. D: NEFA release in 7-day 
differentiated ASCs treated as in C (ji = 5). *P < 0.05. E: Activation of IRS1: 7-day differentiated ASCs were stimulated with 10 nmol/L insulin for 
10 min and lysed. Total protein was analyzed by Western blot with anti-phospho- and anti-total IRS1, together with antitubulin antibodies. 
Densitometric bar graph quantification of three independent membranes is shown. *P < 0.05. 
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cASCs and oASCs have distinct secretion profiles. It 

is now recognized that adipocytes, as well as functioning 
as storage cells, can also secrete a number of highly di- 
verse factors, termed adipokines, including classical 
cytokines, growth factors, and hormones (24), which to- 
gether increase the functionality of adipose tissue (25). 
Examination of adipokine secretion patterns during dif- 
ferentiation revealed that whereas adiponectin content in 
conditioned medium of cASC-derived adipocytes peaked 



between days 5 and 7, in oASC-derived adipocyte cultures, 
secreted adiponectin began to decline from day 5 (Fig. 
3A). Interestingly, other adipokines showed disparate re- 
lease patterns from cASC and oASC cells, with secretion of 
MCP-1 and TNF-a only slightly detectable in medium from 
cASC-derived adipocytes at any time point compared with 
a robust secretion in differentiated oASC-derived adipo- 
cyte cultures (Fig. 3B and C). To test whether factors se- 
creted by cASC-derived adipocytes could modulate insulin 




antibodies against 



FIG. 3. The altered cytokine profile of oASCs transfers insulin resistance to cASC-derived adipocytes. A-C: cASCs and oASCs were differentiated 
for up to 7 days and cultured overnight in serum-free medium. Adiponectin, MPC-1, and TNF-a content were measured in conditioned medium 
(pg/mL) (n = 4). *P < 0.01. D and E: Effect of adipocyte-conditioned medium on insulin-stimulated glucose uptake. cASC- or oASC-derived 
7-day adipocytes were cultured in the presence of conditioned medium from cCM or oCM for 24 h (n = 8). Cells were then maintained for 2 h in 
serum-free, low-glucose medium before stimulating with insulin (100 nmol/L, 30 min). Data are expressed as the percentage of the induced glucose 
uptake (stimulated - basal) in nontreated cells at 7-day differentiation (ji = 8). *P < 0.01. F: oASC- and cASC-derived 7-day adipocytes were 
pretreated (24 h) with cCM or oCM of day 7, stimulated with 100 nmol/L Ins for 5 min, and lysates analyzed by Western blot with antibodies against 
phosphorylated and total IRS1. Densitometric bar graph quantification of three independent membranes is shown. O.D., optical density. *P < 0.05. 
G: Differentiation into mature adipocytes by cASC in the presence or absence of 1 ng/mL TNF-a or 0.2 ng/mL MCP-1 cytokines and by oASC in the 
presence or absence of 10 ng/mL anti-TNF-a or anti-MCP-1 antibodies. Oil Red O quantification of five independent experiments is shown. H: 
Insulin-stimulated glucose uptake by cASC-derived 7-day adipocytes in the presence or absence of 1 ng/mL TNF-a or 0.2 ng/mL MCP-1 cytokines 
and by oASC-derived 7-day adipocytes in the presence or absence of 10 ng/mL anti-TNF-a or anti-MCP-1 antibodies. Cells were stimulated with 10 
nmol/L insulin (Ins) for 30 min. Results are expressed as pmol glucose/mg protein (prot)/10 min (n = 5). *P < 0.03, +P < 0.05. J: Gene expression 
profile at day 7 of differentiation of adipocytes derived from cASCs in the presence or absence of 1 ng/mL TNF-a or 0.2 ng/mL MCP-1 cytokines or 
from oASCs in the presence or absence of 10 ng/mL anti-TNF-a or anti-MCP-1 antibodies (Abs) (ji = 5). *P < 0.04. Ctrl, control; Densi, densi- 
tometric; d, days. 
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sensitivity in oASC-derived adipocytes, we cultured oASC- 
derived adipocytes for 24 h in conditioned medium 
obtained at different intervals from cASC-derived adipo- 
cytes (cCM). None of the cCM samples tested increased 
insulin-induced glucose uptake by oASC-derived adipo- 
cytes (Fig. 3D) nor resulted in phosphorylation of IRS1 
protein (Fig. 3F). However, in the reverse experiment, in- 
sulin sensitivity and IRS1 phosphorylation were both im- 
paired in cASC-derived adipocytes upon culture in 
conditioned medium from 7-day differentiated oASC- 
derived adipocytes (oCM; Fig. 3E and F). No changes were 
observed in the differentiation capacity of cASC after oCM 
treatment or on the gene expression profile, except from 
a significant decrease in IRS2 expression (Supplementary 
Fig. 2A and B). Thus, factors secreted by oASC-derived 
adipocytes are able to induce insulin resistance in cASC- 
derived adipocytes, but conditioned medium from control 
cells is unable to restore the control phenotype on obese 
cells. 

To further analyze the results obtained with the oCM 
and to determine if the highly expressed cytokines TNF-a 
or MCP-1 in oASC were the cause of their phenotype, we 
performed firstly a 7-day differentiation protocol of cASC 
in the presence of these cytokines and also a separate 
protocol of differentiation of oASC in the presence of 
specific inhibitory antibodies against TNF-a or MCP-1. 
Interestingly, the accumulation of lipids was not affected 
by these treatments in ASCs, indicating that the hyper- 
plasia phenotype observed previously with oASC-derived 
adipocytes was independent of these factors (Fig. 3G). 
Nevertheless, when we repeated these treatments on 7- 
day cASC-derived adipocytes or on oASC-derived adipo- 
cytes and measured glucose uptake, we observed that the 
presence of TNF-a provoked insulin-resistance on cASCs, 
whereas the treatment with inhibitory antibodies against 
TNF-a induced insulin-sensitivity on oASCs (Fig. 3H). 
In fact, when glucose uptake was measured in cASCs 



treated with oCM together with antibodies against TNF-a, 
the insulin nonresponding phenotype disappeared (Sup- 
plementary Fig. 2C). Furthermore, IRS2 expression, but 
not aP2, was consistently modified by controlling the 
activity of the TNF-a cytokine (Fig. 31). In contrast, 
modification of MCP-1 activity seemed not to have any 
effect on glucose uptake or IRS2 expression (Fig. 3H and 
I). Therefore, these results point to TNF-a as a factor that 
could be mediating the insulin-resistance phenotype on 
oASCs. 

Cytosol transfer from cASCs rescues metabolic 
responsiveness in oASCs. Given that the conditioned 
medium from cASCs was unable to improve the insulin 
sensitivity in obese-derived cells and that the high levels of 
TNF-a found in oASCs could only block their response to 
insulin but did not affect their differentiation ability or lipid 
accumulation, we hypothesized that the phenotype of 
mature oASC-derived adipocytes could be determined by 
activation of internal signaling pathways, as shown re- 
cently for other adult reprogramming protocols (26,27). 
We tested this possibility by using a new approach in 
which cellular fractions isolated from cASCs are trans- 
ferred to oASCs before exposure to the differentiation 
stimulus. Nuclear fractions (NFs) and CFs of cASCs were 
prepared using a commercial cell fractionation kit (Fig. 
4A). To serve as controls, subcellular fractions were also 
obtained from murine fibroblasts and from oASCs (Sup- 
plementary Fig. 3). Each fraction was assessed by agarose 
gel electrophoresis and by Western blot for products that 
define each compartment. Thus, DNA was detected only in 
the NF, and the CF was positive for glyceraldehyde- 
3-phosphate dehydrogenase (GADPH) protein, while the 
NF was positive for SPl (nucleic acid binding protein; 
Fig. 4B). These fractions were delivered into oASCs using 
the ProdeliverIN lipid-based protein-capture reagent. De- 
livery of NF caused some cell death, because a proportion 
of cells lost adherence to the plate, but most remaining 
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FIG. 4. Isolation and delivery of ASC subcellular fractions. A: Scheme for the isolation of cASC subcellular fractions and their transfer into oASCs. 
B: NFs and CFs were analyzed by agarose gel electrophoresis and Western blot for GADPH (cytosol marker) and SPl (nuclear marker). A rep- 
resentative of three experiments is shown. C: Representative images of oASCs after transfer of NF or CF, called mASC, are shown (n = 8). Bar, 50 
|mm. D: Light microscopy and Oil Red O staining in adipocyte cultures differentiated (7 days) from oASCs and mASCs (CF transferred). Repre- 
sentative images are shown (n = 8). Bar, 30 [xm. E: Gene expression profile after delivering of mASC (n = 5). *P < 0.02. F: Cell number (left} and 
cell size {right} analyzed by flow cytometry in oASCs and mASCs (ji = 5). 



diabetes.diabetesjournals.org 



DIABETES, VOL. 62, JULY 2013 2373 



ASC METABOLISM 



cells continued to proliferate (Fig. 4(7). In contrast, CF 
appeared to have no effect on oASC viability or pro- 
liferation (Fig. 4(7). Because no toxic effects were detected 
with CF, this fraction was selected for subsequent evalu- 
ation. After delivery of CF, the modified oASCs (termed 
mASC) were cultured in differentiation medium, and their 
progress toward mature adipocytes was monitored as be- 
fore. Compared with oASCs, mASC-derived adipocytes 
recovered the normal morphology of cASC-derived adi- 
pocytes and formed defined mature adipocytes, with lipid 
accumulation evident after 5 days of differentiation (Fig. 
4D). No effect could be observed in oASC transferred with 
CF derived from fibroblasts (fCF) or in cASCs transferred 
with the CF derived from oASC (oCF) (Supplementary Fig. 
3A). The establishment of a mature adipocyte morphology 
in mASCs was accompanied by an increase of IRS2 and 
aP2 expression levels compared with oASCs (Fig. 4E) and 
a decrease in cell number together with an increased cell 
size (Fig. 4F). Again, no major changes were observed in 
the expression level of IRS2 or aP2 in oASC transferred 
with fCF or in cASC transferred with oCF (Supplementary 
Fig. 3B). Taken together, these results suggested a resto- 
ration of a mature phenotype in oASCs when transfected 
with a CF of cASCs. 

To assess the physiological significance of this restora- 
tion, we next measured glucose uptake as an indicator of 
functionality in ASCs. Interestingly, adipocytes derived 
from mASCs, but not oASCs, had a low basal glucose up- 
take and exhibited insulin sensitivity similar to that of 
cASCs (Fig. bA). No major differences were detected on 
oASCs transferred with fCF or in cASCs transferred with 
oCF (Supplementary Fig. 3C). Moreover, mASC-derived 
adipocytes recovered cASC-like insulin responses with 
regards to GLUT4 transportation (Fig. bE) and IRS1 
phosphorylation (Fig. 5(7). Finally, examination of the se- 
cretion profile of mASC-derived adipocytes showed that 
delivery of CF significantly increased adiponectin release 
and decreased the release of MCP-1 and TNF-a compared 
with oASCs (Fig. 5Z)). Also, mASCs presented a similar 
ability to differentiate into other tissues (Supplementary 
Fig. 3D). None of the above effects was observed when 
fCF was used to transfect oASCs, suggesting specifically 
that a component, or components of ASCs was necessary 
to reprogram oASCs. In conclusion, delivery of a CF de- 
rived from cASCs is able to restore insulin sensitivity and 
the capacity for adipocyte maturation in oASCs. 
Lin28 blocks Let7 microRNA expression and restores 
glucose metabolism in oASCs. To investigate the po- 
tential mechanism(s) for this reprogramming process, we 
examined the CF of cASCs in more detail. Cytosolic frac- 
tions were treated with proteinase-k to inactivate the 
protein compartment or with an RNAse/DNAse cocktail to 
degrade nucleic acids, before transfection. As shown in 
Fig. 6A, oASCs transfected with a protein-inactivated 
fraction, followed by differentiation (CFp-mASCs), failed 
to recover glucose uptake compared with recovered 
oASCs transfected with a nonmodified CF (CF-mASCs; 
Fig. 6A). Moreover, cell size and cell number of CFp- 
mASCs were both significantly different from control cells 
(CF-mASCs; Fig. 65). In contrast, when DNA and RNA 
was degraded in the CF with an RNAse/DNAse cocktail, 
before transfection into oASCs, the resulting modified cells 
(CFr-mASCs) were equivalent to CF-mASC control cells in 
glucose uptake (Fig. 6A) and cell size (Fig. 61?), suggesting 
that a cytosolic protein component was likely responsible 
for this reprogramming phenomenon. 
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FIG. 5. Transfer of cASC cytosol to oASCs restores nonobese metabolic 
parameters. A: Insulin-stimulated glucose uptake by adipocytes differ- 
entiated (7 days) from cASCs, oASCs, and mASCs. Adipocyte cultures 
were maintained overnight in serum-free, low-glucose medium and then 
stimulated with 10 nmol/L insulin (30 min; n = 6). *P < 0.01 between 
mASCs and oASCs. B and C: GLUT4 expression and IRS phosphoryla- 
tion are restored in 7-day differentiated mASCs. cASCs, oASCs, and 
mASCs were stimulated with 10 nmol/L insulin for 10 min, and mem- 
brane fractions or cell lysates were probed by Western blot with anti- 
GLUT4 or anti-IRSl antibodies. Densitometric quantification of three 
independent membranes is shown. *P < 0.03. D: Adiponectin, MCP-1, 
and TNF-a production by oASCs and mASCs. Cells were cultured 
overnight in serum-free medium, and adiponectin, MCP-1, and TNF-a 
were detected by immunoassay. Results are expressed as the percent- 
age of detection comparing undifferentiated ASC at day 0 to differen- 
tiated ASC at day 7 (n = 6). *P < 0.02 between mASCs and oASCs. 
Densi, densitometric; Ins, insulin; prot, protein. 



Zhu et al. (28) recently described an important contri- 
bution of the Lin28/Le£7 microRNA pathway to glucose 
metabolism in mice, and interestingly, this pathway has 
also been implicated in the propensity for differentiation 
in embryonic stem cells (28,29). Given that these two 
disparate processes were altered in our ASC samples, we 
wondered whether the Lm2S/Let7 axis might be playing 
a role in ASC differentiation and/or maturation. Thus CFs 
of various ASCs were analyzed for the presence of the 
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FIG. 6. Analysis of the CF content and its action mechanism. A and B: CFs, inactivated by proteinase-k (CFp) or by RNase cocktail (CFr), were 
delivered into oASC. Glucose uptake and the cell size-to-cell number ratio were measured in mASCs (n = 5). *P < 0.05. C: Analysis of Lin28 protein 
expression by Western blot in oASC-derived or cASC-derived CFs or in whole ASC lysates to note the restoration of Lin28 levels after cASC- 
derived CF (cCF) delivery into oASC (mASC). One representative image of three independent experiments is shown. D: Let 7 microRNA ex- 
pression was analyzed by RT-PCR (n = 5). *P < 0.04. E: Insulin-stimulated glucose uptake by adipocytes differentiated (7 days) from modified 
oASCs or oASC delivered with Lin28 protein. Adipocyte cultures were maintained overnight in serum-free, low-glucose medium and then stimu- 
lated with 10 nmol/L insulin (30 min; n = 5). *P < 0.03 between oASCs and mASCs or oASCs+Lin28. F: Representative images of Oil Red O-stained 
oASCs and oASC delivered with Lin28 protein after 7 days of differentiation into mature adipocytes (n = 5). Bar, 30 [xm. G: Adiponectin, MCP-1, 
and TNF-ot production by oASC-derived adipocytes (7 days) transferred or not with Lin28 and detected by immunoassay. Results are expressed as 
the percentage of detection comparing undifferentiated oASCs at day 0 to differentiated oASCs at day 7 (n = 5). *P < 0.02. Hi Let7 microRNA and 
Lin28 expression were analyzed by RT-PCR in cASC-derived adipocytes (7 days) in the presence or absence of 1 ng/mL TNF-a or 0.2 ng/mL MCP-1 
cytokines and in oASC-derived adipocytes in the presence or absence of 10 ng/mL anti-TNF-a or anti-MCP-1 antibodies (Abs) (ji = 5). *P < 0.05 
and **P < 0.02. d, days; Fibrob, fibroblast. 



microRNA binding protein Lin28 protein by Western 
blotting. As shown in Fig. 6C, although Lin28 protein 
could be detected in total lysates from all cells tested, the 
absolute quantity of Lin28 was significantly higher in total 
lysates and CF of cASCs compared with oASC cells and 
also fibroblasts. To confirm that the proteins transferred 
with this method and, specifically Lin28, remained stable, 
metabolic labeling of cASC was performed; labeled pro- 
teins and immunoprecipitation of labeled Lin28 were re- 
covered from whole lysates and CFs of cASC or mASC 
(Supplementary Fig, Furthermore, after transfection 
of cASC-derived CF into oASCs, the levels of Lin28 
protein were restored in the obese-derived ASCs, as 



determined by Western blotting (mASC; Fig. 6(7). As an- 
ticipated, expression of Let? miRNA, a major binding 
partner of Lin28, was reciprocally regulated in ASC pop- 
ulations compared with Lin28, with higher expression 
observed in oASCs and significantly less expression 
found in cASCs (Fig. 6D). In addition, transfection of 
cASC-derived CF to oASCs caused a decrease in the ex- 
pression of Let? (Fig. 6D). Indeed, using the identical 
lipid-based protein transfer protocol, delivery of purified 
Lin28 protein into oASCs largely mirrored the effects of 
cASC-derived CF delivery with respect to decreasing the 
expression of Let? (Fig. 6Z>). Intriguingly, together with 
modifying the expression of Let? transfection of Lin28 
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protein alone could also restore insulin sensitivity (Fig. 
6E) to oASCs as well as provoke a mature phenotype 
(Fig. 6F). 

Finally, to confirm that the results observed were partly 
due to the reduction of Let? expression, we used a parallel 
strategy by directly inhibiting Let? expression using 
a LNA-based Let? inhibitor (Exiqon). As shown in Fig. 6E, 
the inhibition of Let? microRNA significantly restored in- 
sulin sensitivity to oASC. Thus, our results show that CF 
delivery of Lin28 can repress Let? activity and therefore 
restore insulin pathways and adipocyte differentiation. To 
analyze the existence of a communication between this 
Lin28 pathway and the TNF-a pathway, we measured the 
quantity of TNF-a secreted after Lin28 transfection of 
oASC. Interestingly, levels of TNF-a, but not MCP1, were 
partially reduced (Fig. 6G). In fact, the communication was 
bidirectional, because the treatment of cASC with TNF-a 
modified the expression levels of Lin28 and Let?, and also, 
the treatment of oASC with inhibitory antibodies against 
TNF-a changed the levels of both molecules (Fig. 6H). 
These experiments indicate that the inflammatory cytokine 
TNF-a activates a circuit that involves Lm2S/Let? axis, 
provoking insulin resistance and hyperplasic phenotype. 
Metabolic properties of hASCs. Having established the 
importance of the environmental origin for determining 
the differentiation properties of mouse ASCs, we won- 
dered if hASCs are similarly regulated. We therefore ex- 
amined cell morphology, insulin sensitivity, and lipid 
accumulation in hASCs from five nonobese (chASCs) 
patients (BMI 22 kg/m 2 ) and five obese (ohASCs) patients 
(BMI 31 kg/m 2 ) in parallel to one commercial sample of 
hASCs of each type. After confirming the phenotype of the 
isolated hASCs (Supplementary Fig. 4A-C) we found that, 
consistent with our results from mouse cells and previous 
work by others (30,31), hyperplasia, together with a re- 
duced cell size and impaired maturation, were observed in 
ohASC cultures at day 14 of culture (Fig. 7A). After dif- 
ferentiation for 14 days, chASCs exhibited insulin-sensitivity 
by increasing their glucose uptake after insulin stimulation 
(Fig. IE). In contrast, parallel cultures of ohASCs, although 
exhibiting a higher basal level of glucose uptake, were 
nonresponsive to insulin (Fig. IE). Similarly, ohASCs 
exhibited a reduced glycerol release after adrenergic stim- 
ulation compared with chASCs, which again were non- 
responsive to insulin (Fig. 7(7). Analogous to the results 
observed in mouse cells, differentiated ohASCs showed 
increased secretion of MCP-1 and TNF-a and a reduction of 
adiponectin levels (Fig. ID). Collectively, these results 
suggest that human obese cells behave similarly to the 
equivalent mouse populations in their failure to respond 
properly to metabolic stimulation. 

Finally, to determine whether delivery of subcellular 
fractions could restore normal metabolism in ohASCs, we 
isolated CF and NFs from chASCs, as before. Once again, 
CF was selected for delivery due to its nontoxicity (data 
not shown). Delivery of CF to ohASCs before differentia- 
tion increased their glucose uptake and the capacity for 
glycerol release (Fig. IB and C). Moreover, these modified 
ohASCs (mhASC) recovered the cytokine profile of 
chASCs and their ability for full differentiation into mature 
adipocytes (Fig. ID and E). CF was analyzed for the 
presence of Lin28 protein, and as shown in Fig. 7F, chASC- 
derived CF was enriched in this protein compared with 
ohASC-derived CF, as well as total lysates derived from 
cASC or mASC (CF-delivered oASC) were enriched simi- 
larly. As anticipated, Let? microRNA expression was 



reduced in lysates derived from ohASCs previously de- 
livered with mhASC or with purified Lin28 protein com- 
pared with nontreated ohASCs and reached similar levels 
to chASCs (Fig. 7G). Finally, mhASCs, Lin28-delivered, or 
anti-Le£7-treated ohASCs overcame the limited differenti- 
ation of ohASCs and recovered insulin sensitivity (Fig. IE 
and H). 



DISCUSSION 

The findings presented here demonstrate that the potential 
of ASCs for correct functional activity and terminal dif- 
ferentiation depends on the environment from where they 
are isolated. ASCs derived from a nonobese environment 
expressed most of the genes related to mature adipocytes, 
except for IRS2, implicated in insulin signaling, and aP2, 
implicated in lipids droplets formation. cASC-derived adi- 
pocytes were insulin-sensitive, whereas oASCs-derived 
adipocytes were insulin resistant and presented a hyper- 
plasic phenotype. The obese environment impairs GLUT4 
translocation to the plasma membrane and insulin signal- 
ing via IRS and thus limits the ability of oASCs to generate 
correct, well-functioning adipocytes. This in vitro finding 
likely reflects the chronic elevation of insulin during insulin- 
resistant states observed in overweight individuals (32,33) 
and indicates that although ASCs can be present in obese 
patients, their contribution to adipose tissue homeostasis 
will be impaired and their effect detrimental rather than 
beneficial. In contrast, in healthy adipose tissue, ASCs 
would contribute to tissue homeostasis by generating new, 
properly functioning adipocytes. 

An alteration in the lipolytic pathway is thought to be 
one of the main mechanisms linking insulin resistance to 
hyperlipidemia in obesity and type 2 diabetes (34). In our 
studies and in contrast to cASCs, oASCs exhibit an in- 
crease in their basal lipolytic rate, a decrease in iso- 
proterenol responsiveness, and an impaired inhibition of 
lipolysis by insulin. Interestingly, oASCs also present 
a deficiency in the internal accumulation of lipids and tri- 
glycerides, which could account for the excessive lipid 
accumulation in nonadipose tissues (lipotoxicity) ob- 
served in obese patients (35,36). 

Another finding from this study was that the environ- 
mental origin influenced the secretion profile of ASCs and 
derived adipocytes. Thus, whereas differentiation of 
cASCs was associated with increased adiponectin secre- 
tion, this was impaired in differentiating oASCs, in agree- 
ment with the inverse correlation of adiponectin with 
insulin-resistance (37). In contrast, secretion of proin- 
flammatory cytokines and release of NEFA were markedly 
stimulated in oASCs differentiated for 7 days. Indeed, elevated 
plasma concentrations of MCP-1, TNF-a, and NEFA have 
been detected in obese and diabetic patients (38-40). The 
decrease in adiponectin expression with differentiation of 
oASCs contrasts with the progressive increase in differ- 
entiating cASCs. Downregulation of adiponectin expres- 
sion during prolonged culturing might be a consequence of 
increased NEFA release, as previously described in murine 
adipocytes (41). 

The high levels of TNF-a found in differentiated oASCs 
seem to interfere with the ability of oASCs to respond to 
insulin but do not directly affect their differentiation abil- 
ity. Although TNF-a has been implicated in the regulation 
of lipolysis and differentiation of adipocytes (32,42), in our 
ASC population, this molecule appeared to regulate only 
glucose uptake and not lipogenesis or differentiation 
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FIG. 7. hASCs show similar obesity-related differentiation and metabolic alterations, which are rescued by transfer of cytosol from chASCs. 
A: Representative image of Oil Red O staining in chASC and ohASC differentiated for 14 days into adipocytes (n = 5 + 1). Bar, 30 jjim. Cell number 
(left} and cell size (right} analyzed by flow cytometry in chASCs and ohASCs at day 14 of differentiation (n = 6). *P < 0.04. B: Insulin-stimulated 
glucose uptake by cASCs, oASCs, and cytosol-modified hASCs at 14-day differentiation. Cultures were stimulated with 10 nmol/L insulin (Ins) for 
30 min, and results are expressed as pmol/mg of prot (prot)/10 min (n = 6). *P < 0.03. C: Glycerol release by cASCs, oASCs, and modified hASCs 
after 14-day differentiation. Cells were stimulated with 10 nmol/L Ins for 1 h before stimulation with 1 jjimol/L isoproterenol (Iso) for 15 min. 
Results are expressed as nmol/mg of protein/3 h (n = 6). *P < 0.04. D: Adiponectin, MCP-1, and TNF-a production by hASCs. cASCs, oASCs, and 
modified hASCs were cultured overnight in serum-free medium, and adiponectin, MCP-1, and TNF-a were detected by immunoassay. Results are 
expressed as the percentage of detection comparing undifferentiated hASC at day 0 to differentiated hASC at day 14 (n = 6). *P < 0.03. 
E: Representative images of Oil Red O stained mhASC, ohASCs, and ohASC delivered with Lin28 protein after 14-day differentiation into mature 
adipocytes (n = 6). Bar, 30 jjim. F: Analysis of Lin28 protein expression in ohASC-derived or cASC-derived CFs or in whole ASC lysates by Western 
blot. One of five independent experiments is shown. G: Let7 microRNA expression was analyzed by RT-PCR (n = 6). *P < 0.05. Hi Insulin-stim- 
ulated glucose uptake by adipocytes differentiated (14 days) from obese modified hASCs, ohASC delivered with Lin28 protein or treated with anti- 
Let 7 inhibitor. Adipocyte cultures were maintained overnight in serum-free, low-glucose medium and then stimulated with 10 nmol/L insulin (30 
min; n = 6). *P < 0.02. 



measured by red oil accumulation. Indeed, the inability of 
conditioned medium from cASCs to restore insulin sensi- 
tivity in oASC-derived adipocytes or the treatment with 
inhibitory antibodies against TNF-a to restore the hyper- 
plasic phenotype suggest that the phenotype of mature 
oASC-derived adipocytes is determined by activation of 
internal signaling pathways. We tested this possibility by 
using a new approach in which CFs isolated from cASCs 
are transferred to oASCs before exposure to the differen- 
tiation stimulus. Delivery of subcellular fractions has been 
previously demonstrated to induce phenotypic changes in 
recipient cells (27). In our study, cASC CFs restored 



insulin-stimulated glucose uptake in oASC-derived adipo- 
cytes and restored insulin-induced IRS phosphorylation. 
Moreover, using this approach, we have demonstrated that 
the Lin28/Le£7 axis is implicated in the regulation of ASC 
differentiation and insulin metabolism. Lin28 protein 
appeared in the cytosol CF and restored an insulin-sensi- 
tized state in the oASCs. We believe that microRNA Let? 
may be inhibiting known target genes in the oASCs such as 
Irs2, Insr, and Igflr, whereas Lin28 protein could be con- 
trolling the PI3k/AKT pathways, as previously described 
for both components (28). This situation will generate an 
insulin-resistant state in oASC. In fact, Lin28 has been 
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implicated in the repression of microRNA Let? and medi- 
ates both glucose metabolism and embryonic stem cell 
differentiation (28,29,43). Interestingly, the existence of 
a feedback loop involving nuclear factor-KB, Lw28/Let7 
and TNF-a has been described in transformed cells that 
maintains the transformed state (44). This regulatory cir- 
cuit could link inflammation to the cellular insulin-resistant 
state. Finally, our data clearly indicate that the basic 
metabolic mechanisms are similar in mouse and human 
ASCs, and that ASCs from obese human patients are 
equally susceptible to enhancement by transfer of cytosol 
from healthy ASCs. 

Current treatments for the restoration of insulin sen- 
sitivity are based on pharmacological intervention and 
have revealed different unwanted side effects (32,45,46). 
The cytosol transfer technique offers the possibility of 
correcting the phenotype of ASCs isolated from obese 
patients in vitro, and in the future, we postulate that this tool 
could be used in vivo to generate new proper-functioning 
adipocytes. 
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